Amplitude and phase variability from analyses of spatially recorded data by Liao, Songtao & Zerva, A.
 
 
 
 
 
 
 
 
 
 
 
 
 
College of Engineering 
    
      
 
Drexel E-Repository and Archive (iDEA) 
http://idea.library.drexel.edu/   
 
 
Drexel University Libraries 
www.library.drexel.edu
 
 
 
 
 
 
 
 
 
 
 
The following item is made available as a courtesy to scholars by the author(s) and Drexel University Library and may 
contain materials and content, including computer code and tags, artwork, text, graphics, images, and illustrations 
(Material) which may be protected by copyright law. Unless otherwise noted, the Material is made available for non 
profit and educational purposes, such as research, teaching and private study. For these limited purposes, you may 
reproduce (print, download or make copies) the Material without prior permission. All copies must include any 
copyright notice originally included with the Material. You must seek permission from the authors or copyright 
owners for all uses that are not allowed by fair use and other provisions of the U.S. Copyright Law. The 
responsibility for making an independent legal assessment and securing any necessary permission rests with persons 
desiring to reproduce or use the Material. 
 
 
Please direct questions to archives@drexel.edu
 
1Amplitude and Phase Variability from Analyses of Spatially Recorded Data
S. Liao1 and A. Zerva2
1Department of Civil, Architectural & Environmental Engineering, Drexel University, Philadelphia, PA, USA,
email: sl89@drexel.edu
2Department of Civil, Architectural & Environmental Engineering, Drexel University, Philadelphia, PA, USA,
email: aspa@drexel.edu
Abstract
Analyses of seismic data recorded at dense instrument arrays provide insight into the causes of the spatial variation
of seismic ground motions. This paper investigates amplitude and phase variability in seismic data recorded at a
SMART-II dense subarray during the Chi-Chi earthquake. It is shown that both amplitude and phase variability
contribute to the ground motion spatial variation, and there is a correlation pattern in the variability of amplitudes
and phases at individual stations around a coherent component, common at all recording stations. It is also noted that
larger variability is obtained from the data at the SMART-II subarray, located on firm gravel deposits, than that from
the data at the deep sediment site of the SMART-I array.
Introduction
The spatial variability of seismic motions represents the differences in the motions at various locations on the
ground surface due to the propagation of waves through the variable soil strata from the source to the site. Currently,
the spatial variation is attributed mainly to phase variability in the motions: a deterministic phase to account for the
apparent propagation of the waveforms and a random phase described by a (lagged) coherency model. Empirical
coherency models are obtained with purely statistical analysis of data recorded at dense instrument arrays (see, e.g.,
Zerva and Zervas, 2002), and hence, do not provide insight into the physical causes of spatial variability.
An alternative approach to examine spatial variability in seismic motions was introduced by Zerva and Zhang
(1997). The approach evaluates first a coherent (“deterministic”) component that is common for all recording
stations during the strong motion window in the data. The spatial variability is then investigated by analyzing the
differences between the recorded data and the common component characteristics. The application of the approach
to two events recorded at the SMART-I dense array in Lotung, Taiwan, indicated that (i) both amplitude and phase
variability contribute to the spatial variation of ground motion; and (ii) the variability in amplitudes and phases of
the recorded data around the common component amplitude and phase are correlated and can be, qualitatively,
associated with physical parameters. To generalize the findings obtained for the SMART-I array data and investigate
the effect of soil conditions on spatial variability, this paper applies the approach to data recorded at the SMART-II
array during the Chi-Chi earthquake; it is noted that the SMART-I array was located on a deep alluvium site,
whereas the SMART-II array is located on firm gravel deposits.
Methodology
An estimate of the time histories, ),( tru r) with rr indicating location and t time, can be described by the sum of
sinusoids as:
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in which m denotes discrete frequency, m
r is the wavenumber, which is related to slowness sr as m
r
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 , mA
and m are the amplitude and phase of the sinusoids, respectively, and M is the number of discrete frequencies used
in the approximation. The slowness s
r
is evaluated herein by means of slowness stacking (Spudich and
Oppenheimer, 1986) using the conventional frequency-wavenumber (F-K) technique (Capon, 1969).
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2Let ),( nl tru
r denote data recorded at discrete locations (stations), lr
r
, and discrete times, nt . The amplitude, mA ,
and phase, m , of the sinusoidal components in Eq. 1 can be determined from the least-squares minimization of the
error function:
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in which, L represents the number of the stations considered in the analysis, and N is the number of discrete time
steps of the analyzed time window. Once amplitudes and phases are determined from Eq. 2, they are substituted
back into Eq. 1. ),( nl tru
r) is then a “deterministic” signal that is common for all stations considered, propagates with
constant velocity on the ground surface, and, hence, represents the coherent component of the motions (Zerva and
Zhang, 1997). The differences between this common coherent component and the recorded data constitute the
spatial variation of the seismic ground motions. To better visualize these differences, normalized differential
amplitudes and differential phases were introduced: The normalized differential amplitudes are obtained by
subtracting at each frequency the common component amplitude from the Fourier amplitudes evaluated at the
individual stations and dividing by the common component amplitude, and the differential phases are obtained by
subtracting the common component phase from the Fourier phases identified at each station. Normalized differential
amplitudes cannot be, by definition, lower than (–1.0), whereas there is no bound to their maximum value;
differential phases are allowed to vary between ),[ 		 + .
Amplitude and Phase Variability in Spatially Recorded Ground Motions
The aforementioned methodology is applied to the 1999 Chi-Chi earthquake (ML = 7.3) recorded at the SMART-II
Array (Chiu et al, 1994, Chiu, 2001). The SMART-II array is located in the northern part of the Longitudinal Valley,
around the city of Hualien, Taiwan, and consists of 40 free-field and downhole stations spanning an area of 110 km2.
Figure 1a presents the geographical location of near-by stations that can be used for spatial variability studies in
engineering applications. From these stations, the ones to the west of the Meilun Fault, i.e., stations SM2038,
SM2039, SM2040, SM2042, SM2043 and SM2044, are selected for the present analysis; their minimum and
maximum distances are 195.5 m and 1109.6 m, respectively (Fig. 1b). The epicentral distance of the earthquake
from the selected subarray was approximately 82 km with a geometric azimuth of 255.3o. Data from this earthquake
(Chiu, 2001) are sampled at a rate of 200/second. A strong motion time window of duration 4.0 s (25.50 s-29.5 s) in
the records is used in this analysis.
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Figure 1. Location and coordinates of SMART II subarray stations used in this study
The slowness spectrum of the selected time window in the E-W direction yields an azimuth of 305.54o with an
apparent wave velocity 3.49 km/s (Fig. 2), whereas the time window in the N-S direction identifies the azimuth and
apparent wave velocity as 293.96o and 3.05 km/s, respectively. Both azimuthal estimates are larger than the
geometric one; this difference in the direction of propagation of the waveforms can be attributed to the proximity of
the location of the selected SMART-II subarray array to the Central Mountain Range (Fig. 1a).
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3The data are rotated from the E-W / N-S directions to the direction of arrival and normal to direction of arrival
using an azimuth of 305.540, i.e., the value identified from the slowness spectra in the E-W direction, which contains
more energy than the N-S direction. The results in the direction of arrival are presented herein. Once the data are
rotated, they are aligned with respect to station SM2043 (Fig. 1b), which can be viewed as the “center” station of the
SMART-II subarray, so that small arrival time perturbations at the subarray stations are eliminated. The least-
squares minimization scheme (Eq. 2) is then applied to the data. As an illustration, Fig. 3 presents a comparison of
the rotated, aligned, recorded data (black lines) with the common component (red lines) at stations SM2042 and
SM2044. The common component captures the major trends of the recorded data; the differences between the
individual accelerograms and the common component represent the spatial variation of the ground motions.
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Figure 2. The slowness configurations of the Figure 3. Comparison of recorded data (black lines)
selected time window in E-W direction with the common, coherent component (red lines)
The Fourier amplitudes and phases of the motions at the individual stations (thin, colored lines) are plotted in Fig.
4a together with the common component amplitude and phase (bold, black lines). Figure 4a also illustrates the
changes in the characteristics of the motions at the same site (firm gravel deposits) at distances 
 1.1 km; such
amplitude variability in motions recorded at near-by stations can have significant implications in deterministic site
response evaluations. It is noted that, because absolute phases range between (0, 2	], jumps of approximately 2	 do
not indicate drastic variations. Figure 4b presents the normalized differential amplitudes and differential phases at
the six stations considered. The energy of the signal in the window analyzed is concentrated at low frequencies (< 2
Hz). In this range, the common component amplitude and phase represent the “average” of the amplitudes and
phases at the individual stations (Fig. 4a), and normalized differential amplitudes and differential phases have low
values (Fig. 4b). This may be attributed to the long wavelength of the motions that do not “see” the site
irregularities. Around 2.5 Hz, the common component amplitude becomes lower than those at individual stations,
suggesting that the signal does not contribute to the motions, which are dominated by noise; normalized differential
amplitudes and differential phases assume high values in this narrow frequency range. Past this frequency,
normalized differential amplitudes and differential phases increase in a consistent pattern. At higher frequencies, the
scatter of both amplitudes and phases around the common component becomes larger: normalized differential
amplitudes assume high values and differential phases vary randomly between ],( 		 + . Hence the correlation
pattern previously observed in the SMART-I data (Zerva and Zhang, 1997) is repeated here: when the normalized
differential amplitudes are low, differential phases are also low, and peaks in the normalized differential amplitudes
correspond directly to peaks in the differential phases. However, compared to the results of the SMART-I data
analysis (Zerva and Zhang, 1997), the SMART-II data produce larger normalized differential amplitudes and
differential phases than the SMART-I ones, suggesting more coherent motions for the SMART-I events. This may
be attributed to the deep alluvium soil deposits underneath the SMART-I array that filter the incoming bedrock
motion; on the other hand, the SMART-II array is located on a “rock” site. Thus, the spatial variability of seismic
ground motions depends on the soil characteristics of the site.
Conclusions
A methodology for an alternative characterization of the spatial variability of seismic ground motions, earlier
introduced by Zerva and Zhang (1997) and applied to SMART-I data, is utilized herein for data recorded at a
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4SMART-II subarray of near-by stations recording the Chi-Chi earthquake. The findings are similar: Both amplitude
and phase variability contribute to the ground motion spatial variation; this amplitude variability in motions recorded
at near-by stations observed at both arrays can have significant implications in deterministic site response
evaluations. Additionally, there is a correlation pattern in the variability of amplitudes and phases at individual
stations around a coherent component, common at all recording stations. However, larger variability is obtained
from the data at the SMART-II subarray, located on firm gravel deposits, than for the data at the deep sediment site
of the SMART-I array. Hence, soil conditions influence the spatial variation of seismic ground motions.
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Figure 4. Comparison of amplitudes, phases, normalized differential amplitudes and differential phases;
SMART-II subarray, Chi-Chi earthquake, back-azimuthal direction
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